Introduction
Magnetite is released from the surface of carbon steel in contact with cooling water of a secondary circuit system in the pressurized water reactors (PWRs). The magnetite particles are transported into a steam generator, accumulated on the top of tube sheet and deposited on the surface of steam generator tubes and their support structures. The magnetite adhering to the steam generator tubes reduces heat transfer from the primary to secondary side and causes an acceleration of the corrosion of the steam generator tubes. 13) There are many investigations on the effect of magnetite on the galvanic corrosion of carbon steel.
48) Fushimi et al. 46) claimed that magnetite accelerated the corrosion of carbon steel with a galvanic coupling. The acceleration was due to the generation of hydrogen on the magnetite as well as the reduction of the magnetite itself in sulfate solution. 7) Jeon et al. 8) reported that the corrosion rate of carbon steel coupled to magnetite increased by about 3.5 times than that of noncoupled carbon steel when they are contacted to the equivalent area ratio under alkalized reducing conditions of pH 9.5 which is a typical secondary water chemistry of PWRs.
Magnetite having a porous structure is deposited on the Nibased alloys tube in operating steam generators as well as the carbon steel piping. 9, 10) Therefore, the surface of the Alloy 600 tube is in electrically contact with the porous magnetite deposits. However, there are no researches regarding the galvanic corrosion behavior between Alloy 600 and magnetite in the simulated secondary water of PWRs. Such researches are very important because magnetite particles are deposited on the surface of steam generator Alloy 600 tubes in the operation conditions.
In order to elucidate the corrosion behavior of Alloy 600 coupled with magnetite, it is necessary to use the dense and adhesive magnetite specimens. Electrodeposition is one method to produce the magnetite layer on an Alloy 600 substrate. Magnetite can be formed by a chemical reaction after the oxidation of Fe(II) 1113) or reduction of Fe(III) 14, 15) on the electrode surface. Recently, Kothari et al. 16) have shown that magnetite is easily produced by electrodeposition on the stainless steel substrate in Fe(III)-triethanolamine (TEA) solution at 333363 K.
In this study, the magnetite was electrodeposited on the surface of Alloy 600 substrate by electrodeposition in the Fe(III)-TEA solution for simulating magnetite deposited on the outer diameter surface of Alloy 600 steam generator tubing. Using the magnetite specimens produced by electrodeposition, the galvanic corrosion behavior and passivation characteristics of Alloy 600 coupled with magnetite was investigated under simulated wet layup conditions.
Experimental

Material preparation
Alloy 600 specimens for magnetite electrodeposition were machined into 10 © 5 © 1 mm. Alloy 600 substrates were mechanically ground up to #1000 grit silicon carbide paper and then ultrasonically cleaned in acetone and deionized water. The chemical compositions of Alloy 600 were presented in Table 1 .
Electrodeposition of the magnetite
Magnetite films were electrodeposited in an alkaline solution of Fe 2 (SO 4 ) 3 complexed with TEA. The concentrations in the deposition bath were 0.09 M Fe 2 (SO 4 ) 3 , 0.1 M TEA, and 2 M NaOH. The solution was prepared by adding Fe 2 (SO 4 ) 3 dissolved in water to a solution of NaOH and TEA under stirring. The resulting gray-green solution was heated to 353 K and stirred at 200 rpm. The electrodeposition of the magnetite on the Alloy 600 substrate was conducted using a After electrodeposition, the magnetite specimens were carefully rinsed with deionized water and dried in an oven for 5 min at 333 K. The morphology of electrodeposited magnetite layer was analyzed using scanning electron microscopeenergy dispersive X-ray spectroscopy (SEM-EDS) using a QUANTA 3D FEG FIB-SEM. The phase composition of magnetite layer was determined by X-ray diffraction (XRD) with a Rigaku D/Max-2500 diffractometer (Cu-K¡ radiation). The electrodeposited magnetite on Alloy 600 substrate was also milled by a focused ion beam (FIB) toward a vertical direction of the magnetite using a QUANTA 3D FEG FIB-SEM.
Corrosion tests
Two different electrochemical techniques were used to study galvanic corrosion in simulated secondary water of PWRs: potentiodynamic polarization test and ZRA measurements. The potentiodynamic polarization tests were carried out using a PAR273 potentiostat (EG&G) with Power suite software. ZRA test was performed using Gamry Potentiostat/ galvanostat/ZRA (Reference 600) embedded with Gamry framework system. The potentiodynamic polarization test was conducted in deaerated aqueous solution at 298 K. The pH of the test solution was adjusted to be 9.5 with ethanolamine (ETA), which is used as a major organic reagent to control the pH of secondary water in PWRs. This test environment was designed to simulate wet layup conditions in a steam generator. The detailed parameters for wet layup are given elsewhere.
17) The solution was deaerated by blowing a high purity nitrogen gas at a rate of 600 cm 3 ·min ¹1 during the tests. A saturated calomel electrode (SCE) and a platinum wire were used as the reference and counter electrode, respectively. The exposed surface of magnetite and Alloy 600 specimens was 1.3 cm 2 . After the open circuit potential (OCP) was stabilized, polarization scan was started from the OCP to the cathodic or anodic direction with a scan rate of 1 © 10 ¹3 V·s
¹1
. The corrosion current density (i corr ) of Alloy 600 and magnetite was calculated by the Tafel extrapolation of the cathodic and anodic curve between 50 and 100 mV away from the corrosion potential (E corr ). The galvanic potential (E couple ) and the galvanic current density (i couple ) of the pair were calculated from the potentiodynamic polarization curves by the mixed potential theory.
The galvanic corrosion behavior between Alloy 600 and magnetite was also measured in the same test solution using the Reference 600 instrument potentiostat in ZRA mode. For galvanic coupling measurements, the exposed surface of magnetite and Alloy 600 specimens was 1.3 cm 2 . The area ratio between magnetite and Alloy 600 specimens are the equivalent area ratio (1 : 1). Alloy 600 specimen was connected to the working electrode and the magnetite specimen was connected to another working electrode. After the open circuit potential (OCP) was stabilized, the specimens were electrically connected though the ZRA. The variation of galvanic current density of non-coupled and coupled Alloy 600 with the magnetite was measured during 1800 s. All electrochemical tests were conducted at least three times per specimen for reproducibility and reliability.
XPS surface analysis
To elucidate the passivation behavior of non-coupled and coupled Alloy 600 with magnetite, magnetite was electrodeposited on the half surface of Alloy 600 substrate for making the coupled Alloy 600 with magnetite contacted to the equivalent area ratio (1 : 1). The films of the non-coupled and coupled Alloy 600 with the magnetite were formed by the immersion test in the alkaline solution at 298 K for 15 days. The depth profile and chemical species of the films formed on Alloy 600 specimens were analyzed using XPS. The XPS analysis was carried out using a ThermoFisher Scientific (Theta Probe AR-XPS) X-ray photoelectron spectrometer with an Al K¡ X-ray source (1486.6 eV) operated at 15 kV and 150 W under a base pressure of 2.7 © 10 ¹7 Pa. The binding energies of all peaks were corrected by the reference C1s peak at 284.5 eV. The electrodeposition of magnetite film in a Fe(III)-TEA solution can be simplified by two steps. The first step is that the Fe(III)-TEA solution is electrochemically reduced to Fe 2+ and TEA. The second step is that the electrochemically produced Fe 2+ reacts chemically with Fe(III)-TEA solution to produce magnetite film. The proposed mechanism is expressed in the following reactions (1) and (2). 
Therefore, the first reduction wave observed between ¹0.95 and ¹1.20 V SCE can be attributed to a one electron reaction corresponding to the above reaction (1). 16, 18) On the contrary, the second reduction wave between ¹1.20 and ¹1.30 V SCE seems to be due to a two-electron process corresponding to the reduction of Fe(II) to Fe.
1820)
In this work, the magnetite was electrodeposited on Alloy 600 substrate at the potential of ¹1.05 V SCE (first reduction wave region) for 1800 s. Figure 2 presents a SEM-EDS and XRD analysis of the magnetite electrodeposited on Alloy 600 substrate. The magnetite has highly faceted and dense morphologies. This morphology is homogeneous on the whole surface of the deposited magnetite specimen (Fig. 2(a) ). The XRD pattern of the magnetite electrodeposited on Alloy 600 substrate shows that the magnetite is all crystalline, and only has peaks corresponding to magnetite (Fig. 2(b) ). Figure 3 shows the SEM image of cross sectional electrodeposited magnetite films on Alloy 600 substrate. The thickness of the magnetite films was ranged from 1.3 to 2.2 µm, with an average of 1.8 µm. Adherent and dense magnetite deposited on Alloy 600 substrate is shown. No crack or hole can be observed at the interface between magnetite film and Alloy 600 substrate, which confirms that magnetite film tightly bonded to Alloy 600 substrate. Figure 4 shows the potentiodynamic polarization curves of Alloy 600 and the magnetite in the alkaline solution at 298 K. The i corr of Alloy 600 and the magnetite at its OCP was calculated from the potentiodynamic polarization curves by means of the Tafel extrapolation method. The E couple and i couple of the pair were also calculated by means of the mixed potential theory. These electrochemical corrosion parameters are summarized in Table 2 . When Alloy 600 and the magnetite are electrically contacted, Alloy 600 is the anodic element of the pair because the E corr of the magnetite is higher than that of Alloy 600. As shown in Table 2 , the i corr of Alloy 600 was determined to be 1.05 µA/cm 2 by the Tafel extrapolation method and the i couple of the pair was measured to be 1.67 µA/cm 2 by the mixed potential theory. Therefore, the corrosion rate of galvanic coupled Alloy 600 will increase by about 1.6 times than that of non-coupled Alloy 600 when they are galvanically contacted to the equivalent area ratio (1 : 1). Consequently, it is expected that the galvanic coupling with the magnetite accelerates the corrosion rate of Alloy 600 based on the mixed potential theory. Figure 5 shows the galvanic current density variation of non-coupled and coupled Alloy 600 with magnetite in the alkaline solution at 298 K, which was measured using ZRA. In the Alloy 600/magnetite couple, the galvanic current density of Alloy 600 specimen was the positive values corresponding to the anodic reaction. This indicates that Alloy 600 specimen is the anode of the couple, like the result predicted in Fig. 4 . The corrosion current density of coupled Alloy 600 was also higher than that of non-coupled Alloy 600. The above results obtained from ZRA test show a similar tendency as the result calculated from the mixed potential theory: galvanic coupling between Alloy 600 and magnetite increased the corrosion current density of Alloy 600. In addition, the corrosion current density of the two Alloy 600 specimens decreased rapidly with time. This decrease in corrosion current density with time can be attributed to the formation of passive film on the surface of Alloy 600. Burstein et al. 21) also showed that the galvanic current density tends to diminish as the metal passivates by oxide film growth during the initial stage and to stabilize from the final stage. In addition, it should be noted that the current density of coupled Alloy 600 was higher and was stabilized more slowly than that of non-coupled Alloy 600. This result indicates that the galvanic coupling between Alloy 600 and the magnetite has a negative effect on the passivation behavior of Alloy 600.
Corrosion behavior of Alloy 600 coupled with the magnetite
Although ZRA measurement showed the lower corrosion current densities as compared with the result predicted from the mixed potential theory due to the stabilization of passive films, these results show a similar tendency as the result predicted that the galvanic coupling between Alloy 600 and the magnetite increased the corrosion current density of Alloy 600. Figure 6 shows the XPS depth profiles of passive surface film on non-coupled and coupled Alloy 600 with magnetite after the immersion test in the alkaline solution at 298 K for 15 days. Taking the half-height of the oxygen in Fig. 6 as an estimate of the film/substrate steel interface, 22) the passivated films formed on the non-coupled and coupled Alloy 600 with the magnetite require approximately 24 and 17 s of etching, respectively. This indicates that galvanic coupling between Alloy 600 and the magnetite formed the thinner and less protective passive film of Alloy 600. This result can be supported by the fact that a higher corrosion current density of the coupled Alloy 600 was observed in Fig. 5 . Figure 7 shows that the deconvolution of Fe, Cr, Ni, and O related chemical species by the XPS in the outer surface film formed on the non-coupled and coupled Alloy 600 with magnetite. The binding energies (E b ) obtained from the deconvoluted XPS profiles of the primary compounds in the films are listed in Table 3 . The signals corresponding to the Ni 2p spectra are the strongest in both the non-coupled and coupled Alloy 600 with magnetite. The Ni 2p peak can be separated into three constituent peaks, representing the metallic state (Ni (M)), nickel oxide (NiO), and nickel hydroxide (Ni(OH) 2 ). The Cr 2p peak can be separated into three constituent peaks, representing the metallic state (Cr (M)), chromium(III) oxide (Cr 2 O 3 ), and chromium hydroxide (Cr(OH) 3 ). The Fe 2p spectra can be separated into four constituent peaks representing the metallic state (Fe (M)), iron(II, III) oxide (Fe 3 O 4 ), iron(II) oxide (FeO) and, iron(III) hydroxide (FeOOH). The results revealed that iron(III) is the primary iron oxidized species in the passive film. Galvanic coupling increased the ratio of metallic state of passive film formed on the Alloy 600. Especially, galvanic coupling between Alloy 600 and the magnetite significantly increased the ratio of Ni (M) of passive film. These results mean that the surface of coupled Alloy 600 is more corroded than that of non-coupled Alloy 600 due to the retardation of passive film stabilization. Based on the XPS results, galvanic coupling between Alloy 600 and the magnetite has a negative effect on the passivation behavior of Alloy 600.
The film on Alloy 600 coupled with the magnetite
In this study, the galvanic effect on the corrosion rate of Alloy 600 was measured when the magnetite on the outsides of steam generator tubes was deposited. If Alloy 600 and the magnetite are galvanically contacted to the equivalent area ratio (1 : 1) at 298 K, the corrosion rate of coupled Alloy 600 will increase by about 1.6 times than that of non-coupled Alloy 600.
However, in actual steam generators, the degree of galvanic effect is expected to be more severe and the corrosion rate of Alloy 600 coupled with the magnetite will increase. These results can be explained by the following two reasons. First, operating temperature of steam generator in PWRs is the high temperature ranges up to 553 K. In addition, a local temperature increase is expected within the magnetite deposited on the surface of Alloy 600 tubing, since heat transfer though the tubing is hindered by the deposits. The porosity of passive film increases with temperature and intrinsic modification of the chemical composition and/or physical structure of the passive film takes places. These changes lead to an increase of defects in the passive film and generate higher galvanic corrosion rate. 32) Second, the ratio of the cathodic to anodic area on the outer surface of steam generator tubes covered with the porous magnetite is larger than the equivalent area (1 : 1). Increasing the ratio of cathode to anode area increases the corrosion rate of anode due to the area ratio effect. In our research group, electrochemical experiments are ongoing to validate the galvanic effect on the corrosion rate of steam generator tubing coupled with magnetite in the high temperature up to 553 K.
Conclusions
(1) Galvanic effect on the corrosion of Alloy 600 coupled with magnetite was predicted by mixed potential theory and verified by ZRA measurements. Alloy 600 was the anode of the couple because the corrosion potential of the magnetite was higher than that of Alloy 600. Galvanic coupling increased the corrosion current density of Alloy 600 due to the shifting of the potential of Alloy 600 to the positive value. (2) Galvanic coupling has the negative effect on the passivation behavior of Alloy 600. The passive film of coupled Alloy 600 was more slowly stabilized and was thinner and less protective than that of non-coupled Alloy 600. As a result, the ratio of metallic states such as Ni (M), Cr (M), and Fe (M) of outer surface film on coupled Alloy 600 was higher than that of non-coupled Alloy 600. (3) The pure and dense magnetite was adherently electrodeposited on the Alloy 600 substrate in Fe(III)-TEA solution at 353 K. This electrodeposition method is useful for simulating the magnetite deposited on the surface of Alloy 600 in nuclear steam generator tubing of a nuclear power plant.
